Abstract-We examine the nature of thermal flow during the annealing process of a recently reported method to produce films of the high-T c superconducting compound YBa 2 Cu 3 O x wherein the oxygen content (x) spatially varies across the length of the sample. In this context, we discuss contrasting annealing results that can be expected under differing annealing configurationsincluding the formation of discrete regions of pressure stabilized oxygen content associated with known lattice superstructures. We also examine characteristic energy scales associated with the corresponding normal and superconducting states of these stabilized superstructures. A relationship between ratios of the superconducting gap energy, superconducting electronic kinetic energy, and the BCS-Eliashberg coupling constant associated with each lattice superstructure is found. The near integer ratios observed suggest that the superstructures can be viewed as "quantum structural" lattice states in the sense that oxygen doping levels in between are composed of a superposition of ordered structures.
I. INTRODUCTION

W
E HAVE recently reported a new sample preparation method by which to examine and study with high resolution the evolving physical properties in the high-temperature superconducting (HTS) compound YBa 2 Cu 3 O x [6 ≤ x ≤ 7] and similar oxygen doped cuprate based superconducting materials wherein the resulting film has a monotonically varying oxygen doping composition along the sample length [1] , [2] . The process is in general applicable to the preparation of materials having a diffusive constituent or interstitial atom or molecule [3] . A sample is initially prepared with a uniform compositional state − usually either completely doped or un-doped, e.g. in the case of YBa 2 Cu 3 O x x = 6, or x = 7. Next the sample is placed in an annealing device in which a controlled thermal gradient can be established across one direction, usually the longest dimension. The sample is then placed in an atmospherically controlled chamber that is filled to a prescribed pressure with a diffusive gas (e. [5] - [7] . We discuss and investigate two topics here relevant to the aforementioned thermal gradient annealing method and pressure stabilized lattice structures: (1) We distinguish between the device described in [1] - [4] and that of preceding independently developed devices given in the literature. We discuss how the different established orientation of thermal flow will lead to significantly differing results for materials having anisotropic thermal conductivity. (2) We show that the lattice superstructures belonging to the superconducting doping region (x ≥ 6.33) have near integer increments of the product of the (normalized) superconducting electron effective mass, [m * s /m e ], with ratio of the normal state to superconducting state carrier densities, [n n /n s ].
II. STANDARD THERMAL GRADIENT ANNEALING DEVICES
The search for new materials and study of known compounds is often facilitated through a systematic doping/substitution of elements within a parent compound. A rapid investigation of the material properties relies on high-throughput production and characterization methods. To enable such a combinatorial materials science approach, the use of gradient annealing devices has been developed by a number of researchers. See for example [8] - [16] . In general these devices are used for rapid optimization of materials in thin film form by the simultaneous processing of a fixed sample composition at different temperatures and/or a stoichiometric variation across the film dimensions, i.e., Fig. 1 . Depiction of the annealing device developed for the preparation of YBa 2 Cu 3 O ∇x films [1] , [3] . Application of pressure results in an alignment of the crystalline a-axis along the direction pressure/thermal gradient. Oxygen diffuses most freely along the b-axis, with minimal mobility along the c-axis which is perpendicular to the film surface/film-substrate boundary. Directional oxygen diffusion rates, D, relative to the b-axis are indicated. a chemical gradient, that is established during the deposition process. A thermal gradient may be applied during the deposition process and/or during the annealing schedule. The thermal gradient is established either by directly heating a clean point on the substrate or a supporting plate via a continuous wave laser beam or by heating/cooling sources embedded within a plate. By using the latter configuration, a linear or step-like varied temperature profile is achieved and the attached film/substrate is subject to the thermal profile over which it is attached. See Fig. 2 for a simplified depiction of this type of device (with a linear thermal gradient) and the manner in which heat flows during the annealing process.
Typically such investigations entail metallic alloys or oxides with one or more metallic elements substituted for an initial metallic site. However, Okazaki et al., [16] reported the growth and subsequent annealing of a film of the high-T c cuprate compound Nd 0.9 Ca 0.1 Ba 2 Cu 3 O 7−δ such that the compound was subject to a thermal gradient while in a fixed oxygen atmosphere. The annealing device used in [16] is not disclosed, however it is reasonable to assume that it is of the kind described in [8] - [15] , wherein the heat flows either initially from a plate to the substrate, or by the heating of the edge of the substrate by a laser, then from the substrate to the film through the interfacial surface, as in Fig. 2 .
III. THERMAL FLOW AND ANISOTROPIC THERMAL CONDUCTIVITY
As noted above, in the case of the devices described in [8] - [15] , the primary component of heat flow from the thermal Fig. 3 . Heat flow in the case of a film having anisotropic thermal conductivity and a large film/substrate thermal boundary resistance wherein heat is applied along the direction of high thermal conductivity. The heat flow dynamics behaves like a thermal cloak device wherein the heat which enters a channel (i.e., film or substrate) largely remains in the channel. gradient produced by the heater stage through the supporting substrate and into the film is perpendicular to the surface of the film. In contrast, our design (see Fig. 3 ) is such that the conduit for the thermal heat path between the heat source and the heat sink (or between two controlled heat sources) is parallel to the substrate/film interface. We make the case here that, due to the anisotropic thermal properties of YBa 2 Cu 3 O x , the nature of this interface is highly relevant to the thermal gradient annealing process − significantly differing results will be obtained depending on whether thermal flow is configured as with our device or is aligned as in [8] - [15] . The distinction between the two cases can be seen from comparison of Fig. 3 vs. Fig. 4 .
The importance of anisotropy of the thermal conductivity within a material is has recently been addressed by C. Dames and coworkers at the Nano/Energy Lab at UC Berkeley [17] , [18] , by Hopkins [19] , and various others (see references within). Chen [18] shows how standard models for thermal boundary conductance assume materials having isotropic thermal conductivity properties and thus such models are inappropriate for layered and chainlike materials. From this we can see how a transfer of heat through a solid-solid interface from a thermally isotropic to a thermally anisotropic material is significantly different than a transfer of heat from one thermally isotropic to another thermally isotropic material.
In general, metallic samples have a high thermal conductivity and heat flows the same in all directions, i.e., the materials are thermally isotropic. If the substrates that the films are grown on are relatively poor thermal conductors, then, when heat flows from the heater block (having the thermal gradient) to the sub-strates and then from the substrates to the films, (1) there is negligible reflection of the heat at the film/substrate interface, and (2) more importantly, the heat continues to flow along the original direction, i.e., perpendicular to the film/substrate interface as depicted in Fig. 2 .
In contrast, the compound YBa 2 Cu 3 O x has anisotropic thermal conductivity − near x = 7, heat flows ∼10 times greater in the in-plane (a − b) direction than in the out of plane (c) direction [20] - [24] . The a-b plane is parallel to the film/substrate interface. Furthermore the a − b thermal conductivity of YBa 2 Cu 3 O 7 is less than the SrTiO 3 substrate. At T ≈ 400
• C, κ ≈ 9 W/mK for SrTiO 3 [25] . [20] - [24] . It is well known however that the thermal conductivity of films can be much lower than that of single crystals. Given values of the in-plane and c-axis thermal conductivity for films of YBa 2 Cu 3 O x deviate from the single crystal values by a factor of ≥2 and with a ratio of in-plane to c-axis conductivities up to 15 [21] . On top of this, the anisotropy of the heat flow increases as x decreases -heat flow becomes even more channeled along the direction of the film/substrate interface as the oxygen content is reduced during the annealing process [23] . This results in non-negligible reflection of heat flow at the film/substrate boundary.
Similar thermal properties to that of YBa 2 Cu 3 O x can be expected for the compound Nd 0.9 Ca 0.1 Ba 2 Cu 3 O x (6 ≤ x ≤ 7), examined in [16] , which belongs to the same class of perovskite HTS cuprate superconductors. When a thermal gradient is applied in the scenario of Fig. 4 , then, combining the heat reflection with the heat flow anisotropy, a barrier is present which acts to redirect and mix the thermal lines of flow, producing a more uniform temperature profile. This scenario is consistent with the reported results of [16] where the reported gradient annealed film exhibited an oxygen variation across its length that did not correspond to the given the substrate temperature profile of 490
• C to 600 • C. A comprehensive mapping of the resulting final oxygen content in YBa 2 Cu 3 O x single crystals as a function of the annealing parameters of oxygen partial pressure and the sample temperature were mapped out by Lindemer et al., [26] . From the transition temperature vs. oxygen content, T c vs. x, dependence of NdBa 2 Cu 3 O x [27] , the range of oxygen content to be expected from the annealing conditions described in [16] , i.e., P = 1 torr, T = 490-600
• C, the films can be expected to have an oxygen content ranging from x ≈ 6.28 to x ≈ 6.52. Un-doped NdBa 2 Cu 3 O x films would not be superconducting with these values [27] . Calcium doping of 10% is equivalent to an ≈ 0.1 increase of the oxygen content [28] , i.e., the films will show electronic transport behavior close to that of un-doped NdBa 2 Cu 3 O x films with x ≈ 6.38 to x ≈ 6.62. Given this distribution, a section of the film may be anticipated to be superconducting, but with a transition temperature of T c ≈ 5 K-10 K. This is in contrast to the T c ≈ 80 K value measured − a discrepancy noted by the authors and attributed therein to the out-of plane oxygen diffusion rate being much lower than that within the in-plane directions [29] . This result is consistent with the picture where the anisotropic thermal boundary leads to a mixing or evening out of the thermal profile of the substrate/film interface. It is possible that a thermal gradient also exists within the film in the c-axis direction due to anisotropic thermal conductivity. This would also contribute to a poorly controlled oxygen distribution. However, due to the small ratio of thickness to its lateral dimensions, this would be expected to be a small effect.
IV. LATTICE GROUND STATES
A physical explanation of the electron pairing mechanism in high-T c cuprate superconductors remains to be established. These materials have a very complex structure − x-ray diffraction studies have shown the existence of lattice modulations [30] which have been explained theoretically by de Fontaine et al., [5] - [7] as having their origin in the ordering of 1-dimensional (1-D) O-Cu-O chains located in the CuO planes. Within this model, the 1-D chains are described through a branching algorithm wherein the notation < 1 > and < 10 > denote the Ortho I (c = 0.50) and Ortho II (c = 0.25) chain states where a one or zero indicates a completely full or empty Cu-O chain respectively and an exponent denotes a repeated structure (z = 2c + 6, where z is used by the authors to denote the oxygen doping level). Subsequent lower level structures arise from the interspersing, or superposition of higher structures, e.g. the Ortho III structure, < 110 > = < 1 > + < 10 >, and so forth. These lowtemperature ordered oxygen superstructures are stabilized by long-range interactions. More recently Ricci, et al., reported the spatial imaging of oxygen dopant distribution inhomogeneity in YBa 2 Cu 3 O 6.67 via scanning nano X-ray diffraction experiments [31] . The increase of inhomogeneity at the nanoscale is interpreted as evidence for a network of "superconducting puddles" within which oxygen interstitials are well ordered − a result compatible with the above model of de Fontaine et al.
As noted in the Introduction, with the application of sufficient uniaxial pressure to YBa 2 Cu 3 O ∇x films during the thermal gradient annealing process, discrete regions of uniform oxygen content are observed to be stabilized where x ≈ [6, 6.5, 6.72, 6.81, 7] . The latter four oxygen levels correspond to the lattice superstructures denoted as < 10 >, < 1 3 0110 >, < 1 4 0 >, and < 1 >, respectively. The notion of a physical superposition of structural states leads us to examine characteristic energy scales associated with the corresponding normal and superconducting states of each lattice structure. In [32] Taylor and Maple find a relationship between the superconducting transition temperature T c and various well defined physical properties. In one form the relationship can be written as,
or equivalently,
where H c2 (0) = Φ 0 /2πξ 2 0 is the upper critical field, ξ 0 is the coherence length, m e is the free electron mass, m * s is the super- conducting electron mass, n n is the normal state charge carrier density and n s is the superconducting state carrier density. We make use of the upper critical field data, H c2 (0) vs. p of Grissonnanche et al. [33] , and critical temperature data, T c vs. p of Liang, Bonn, and Hardy [34] (where p is the CuO 2 plane hole doping value) to examine the evolution of the remaining factors in (2) . We have used the smooth curve fits to the data shown in [33] and [34] (10) 2 > and < (110) 2 10 >. Because (1) does not invoke a specific pairing mechanism, it provides a framework into which the results of a given theory of superconductivity that also accounts for dependencies on the characteristic physical properties (n s /n n ), ξ 0 , and m * s , can be inserted. Despite the consensus that YBa 2 Cu 3 O x is not a BCS superconductor, we insert the BCS (s-wave) definition of the coherence length [35] , ξ 0 = v F /πΔ 0 , into (1), where v F is the Fermi velocity and Δ 0 is the superconducting gap energy. This substitution can be justified by the result in [36] where it was shown that the intrinsic GL coherence length in a (non-BCS) p-wave superconductor can be expressed in terms of the superconducting gap where ξ 0 = v F / √ 8Δ 0 , i.e., the general relationship holds, but with a differing factor of proportionality. We use the notation v F s to specify a Fermi velocity associated with the superconducting state. This distinction is an acknowledgment of the fact that the kinetic energy of the electrons,
F /2, changes upon entering the superconducting state. It is well established that the electronic kinetic energy increases in conventional superconductors upon entering the superconducting state [35] , [37] . In contrast, there exists experimental and theoretical evidence that there is a reduction of the electronic kinetic energy in the high-T c cuprates [38] - [41] . Then, with this change of notation, by inserting ξ 0 (BCS) into (2), we find, 
Padilla et al., [42] observed that the ratio (m * s /m e ) is nearly constant across the YBa 2 Cu 3 O x phase diagram. From Fig. 5 the relationship between the product of the strength of the coupling mechanism with the ratio of the gap to the superconducting electronic kinetic energy for the four stabilized lattice states, is given by,
where
While not conclusive, the near integer values (within the error of the data used from [33] and [34] ) of the ratios of the quantity (m * s /m e )(n n /n s ) is certainly suggestive of a quantization of superconducting electronic energy states associated with the lattice superstructure states identified by de Fontaine et al. [5] , and may be correlated with the quantum nature of the ordered structures. Such a result, we believe, points to a need to more closely examine the relationship between the mechanism of superconductivity and that of the lattice superstructures from the viewpoint that they are 'quantum physical states,' and subsequently samples having oxygen doping levels in between are composed of a superposition of ordered structures.
V. CONCLUSION
We discuss here how the anisotropic thermal conductivity of YBa 2 Cu 3 O x plays a role in the final compositional spread of oxygen content of a film annealed with a thermal gradient. A YBa 2 Cu 3 O x film annealed with a device wherein the heat must flow through the substrate/film interface will result in a poorly controlled oxygen concentration gradient. In contrast, by employing a geometry such that the film and substrate are parallel thermal conduits, we have successfully demonstrated YBa 2 Cu 3 O ∇x films having a well-controlled oxygen concentration gradient that fully spans the range expected from the known thermodynamic relationship between temperature, atmospheric pressure, and dopant (oxygen) concentration [26] .
Finally, by using values from the literature, we have examined the ratio of the upper critical field to the transition temperature as a function of charge (oxygen) doping p (O x ) and find results suggestive of discrete energy levels of the superconducting electronic energy states associated with the pressure stabilized lattice superstructures.
